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Summary. 1. Far field radiation patterns of sin- 
gle ommatidia of the fly, Calliphora erythro- 
cephala, have been photographed. Clear ra- 
diation patterns of the first and the second wave- 
guide mode have been observed. 
2. According to theory, the shape of the 
(optical) angular sensitivity of a photoreceptor 
equals the shape of its farfield radiation pattern, 
at least for a monomode fiber. 
3. The farfield radiation patterns of single 
photoreceptors have been evaluated quanti- 
tatively by means of microdensitometry and 
have been compared with theoretical calcu- 
lations according to a lens-waveguide model. 
Theory and experiment are in good accordance 
for different wavelengths, different lens aper- 
tures, and different photoreceptor diameters. 
Introduction 
The visual sense cells of many species of ani- 
mals have specialized, rodshaped structures for 
collecting the onfalling light. A few decades ago 
it was suggested that these receptors function as 
dielectric waveguides, guiding and absorbing 
the light (Toraldo di Francia 1948; Enoch 
1963). In general one or more lenses collect the 
incident light onto the apertures of the recep- 
tors. 
An important factor for the acuity of an eye 
is the angular sensitivity of its photoreceptors. 
We distinguish two kinds of angular sensitiv- 
ities. First, the optical angular sensitivity is the 
amount of light absorbed by a receptor as a 
function of the direction from which light is 
falling on the lens. Second, the physiological 
angular sensitivity is the response of the re- 
ceptor (corrected for nonlinearities) as a func- 
tion of the direction from which light is falling 
on the lens. If there are no interactions between 
photoreceptors, the physiological equals the 
optical angular sensitivity. The optical angular 
sensitivity is fully determined by the combined 
optics of lens and waveguide. 
Since the waveguide characteristics of visual 
sense cells were recognized, and the theory of 
dielectric waveguides was developed, much 
theoretical work has been done on the con- 
sequences of waveguide theory for vision (e.g. 
Snyder 1975, 1979). Recently theoretical pre- 
dictions of optical angular sensitivities were cal- 
culated (Pask and Snyder 1975; Barrell and 
Pask 1979; Pask and Barrell 1980a, b; 
van Hateren in preparation). 
On the other hand much experimental work 
on angular sensitivities has been performed, es- 
pecially on insects; in the first place electro- 
physiologically, by measuring the electrical re- 
sponse of visual sense cells by means of in- 
tracellular microelectrodes (e.g. Wilson 1975; 
Hardie 1979; Smakman and Pijpker 1983). In 
the second place optically by measuring the 
amount of light propagated by the receptor as a 
function of the direction from which the light is 
falling on the lens (Kuiper 1962; Eheim and 
Wehner 1972). 
According to theory (see the next section) 
optical angular sensitivities can also be mea- 
sured by determining the intensity distribution 
of the farfield radiation pattern of single re- 
ceptors. The aim of the present study is firstly 
to show that it is indeed feasible to measure 
optical angular sensitivities in this way, with 
similar results to electrophysiological measure- 
ments. Secondly the measurements allow, for 
the first time, a very critical quantitative valu- 
ation of the appropriateness of waveguide 
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theory for visual receptors, because the most 
important parameters of the model can be mea- 
sured in situ. For a good understanding of the 
following, we first give some details of the fly 
visual system (see also for example Franceschini 
1975). The eye of the blowfly consists of several 
thousands of ommatidia, each having a restrict- 
ed field of view, and each having a lens with the 
apertures of seven waveguides (rhabdomeres) in 
its focal plane. The rhabdomeres of one omma- 
tidium are arranged in a typical pattern 
(Fig. 3c), each looking in a different direction. 
The rhabdomeres R I -R6  are all similar, whilst 
the rhabdomeres R7 and R8 that form the wave- 
guide in the centre (with R8 behind and in 
line with R7) differ in several respects. With 
respect o spatial properties the most important 
difference from RI -R6 is the smaller radius of 
RT/R8 (Kirschfeld and Franceschini 1968). An- 
other difference is the lower sensitivity of the 
pupil mechanism of R7/R8. The pupil consists 
of fine pigment granules inside the visual sense 
cell. In a dark adapted fly these granules are far 
away from the rhabdomere, but with higher 
light intensities they move towards the rhab- 
domere, and attenuate the light flux through 
the receptor (Kirschfeld and Franceschini 1969). 
Theory 
The refractive index n 1 of a fly rhabdomere is
larger than the refractive index n 2 of the surround- 
ing media. From the point of view of geometri- 
cal optics the rhabdomere guides the light by in- 
ternal total reflection. Geometrical optics do 
not apply, however, because of the small diame- 
ter of the lightguide. Internal interference of the 
light gives rise to so-called waveguide modes, 
which are stable light distributions travelling 
along the fiber (see for example Marcuse 1974). 
In the wave optics scheme an important param- 
eter describing the waveguide is its V-number 
2rob /2~ v=zs- l/n (1) 
with b the fiber radius, and 2 the free space 
wavelength of the light. V determines the num- 
ber and shape of the modes that can occur in a 
certain waveguide. 
Another important parameter for the 
angular sensitivity of a lens-fiber system is the 
F-number of the lens, that is, the ratio of its 
focal distance and diameter. The F-number and 
2 determine the dimensions of the Airy diffrac- 
tion pattern in the focal plane of the lens (Born 
and Wolf 1964). When a distant point light 
source is displaced in fronI of the eye, the Airy 
diffraction pattern crosses the fiber aperture. 
The way the diffraction pattern then excites the 
various modes results in the optical angular 
sensitivity of the lens-fiber system. A summary 
of the theory used for the numerical calcu- 
lations in this paper can be found in the Ap- 
pendix. For a more detailed account see 
van Hateren (in preparation). 
It is sometimes stated that the angular sensi- 
tivity of a lens-fiber system equals its farfield 
radiation pattern (Franceschini and Kirschfeld 
1971; Franceschini 1975; Pask and Barrell 
1980b). This is not entirely true, as will be 
explained in the following. It is easy to show, 
however, that it is indeed true for a single 
mode, as we will do first. 
A distant point source causes a diffraction 
pattern A in the focal plane of the lens, where it 
excites a mode M in the fiber. The strength of 
excitation R of the mode is 
R(d)= ~ d 2 rM(r) A ( r -d )  (2) 
where d is the distance between the centres of 
M and A, and r an integration variable in the 
focal plane. The integration extends over the 
whole focal plane. In this and the following 
equations the normalization is arbitrary, be- 
cause we are only interested in the shape of the 
angular sensitivity or the radiation pattern. 
In the reverse direction a point source in the 
focal plane would project a diffraction pattern 
A' outside the eye, with 
A'(dp)= A(O f )  (3) 
where q~ is an angle outside the eye, f the focal 
distance of the lens, and A the diffraction pat- 
tern as in Eq. (2). In fact, Eq. (3) is an appli- 
cation of the reciprocity theorem of Helmholtz 
(Born and Wolf 1964, p 381). Now there is not 
just a point source in the focal plane, but a 
mode. This mode can be considered as a set of 
(spatially) coherent point sources. A point 
source at a distance c~f from the centre of the 
mode has an amplitude M(c~f), and causes an 
amplitude M(c~f)A'(a-f i )  at an angle fi outside 
the eye. Because all point sources are coherent, 
amplitudes add, and therefore the total ampli- 
tude R'(fi) outside the eye caused by the entire 
mode is 
R'(fi) = ~ d 2 c~ M(o: f )  A'(c~ - fi). (4) 
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Eq. (3) and a change of variable, y= ~f, lead to 
=~ ~ d 2 y M(y)'A(y- flf). (5) R'(•) 
d 
Finally,/~ =f  and Eq. (2) yield 
f d2 yM(y)A(y-d)=  R(d). (6) 
falls on the lens (Kuiper 1962; Eheim and Weh- 
her 1972). This has the advantage that the exci- 
tation of the modes is the same as in the physi- 
ological case. Nevertheless, the optical angular 
sensitivity can be determined only for a mo- 
nomode fiber also with this technique, because 
the weighting of the various modes will again 
be different for the absorbed and transmitted 
light respectively. 
So we see that the farfield radiation pattern R' 
of a certain mode has the same shape as the 
strength of excitation R of the mode. Actually, 
the modulus of both must be squared to get 
observable quantities, that is, light intensities. 
If more than one mode is guided by the 
receptor, the farfield radiation pattern of each 
mode will equal the optical angular sensitivity 
of that mode. Nevertheless, the total farfield 
radiation pattern will, in general, not equal the 
total optical angular sensitivity. The reason is 
that the various modes are independent of each 
other. The relative weighting of the modes, that 
is the fraction each is carrying of the total guid- 
ed power, is important for the shape of the 
angular sensitivity. This relative weighting is 
not equal for the optical angular sensitivity and 
for the farfield radiation pattern for various rea- 
sons. 
In the first place the relative excitation of 
the various modes depends on the illumination 
and the fiber diameter, which can both be differ- 
ent for the normal and reverse light directions. In 
the second place the modes are absorbed inde- 
pendently from each other, and the efficiency 
with which they are absorbed depends on the 
particular mode. Moreover, in optical experi- 
ments it is not the absorbed light that is mea- 
sured, but the transmitted light. This will lead 
to an entirely different relative weighting of the 
modes. 
Thus only in the case of a monomode fiber 
must the shape of the farfield radiation pattern 
equal the shape of the optical angular sensi- 
tivity. Fortunately, many photoreceptors do in- 
deed behave as monomode fibers over a range 
of wavelengths, o for this range the method is 
useful. 
The normal direction of the light is main- 
tained in another method of obtaining optical 
angular sensitivities. In this method the amount 
of light that is transmitted through the fiber 
and comes out at the bottom side is measured 
as a function of the direction from which light 
Materials and methods 
Animals. All experiments were performed on females of the 
fly Calliphora erythrocephala (wild type). Most were 
caught in the wild or taken from a culture that originated 
from specimens caught in the wild. Others were from a 
similar culture raised on a vitamin A poor diet. These flies 
had a low content of xanthopsin (less than 10 ~ as mea- 
sured with fluorescence microscopy; the term xanthopsin 
for the fly visual pigment was recently proposed by Vogt 
(1983)). These were used for experiments with wavelengths 
strongly absorbed by the fly xanthopsin (RI-R6). Most 
measurements were performed on R3, for which no differ- 
ences in waveguide properties were observed between flies 
with a high and low xanthopsin content. The pattern of 
rhabdomeres, however, was often slightly different from 
the normal one (see Fig. 3e). 
Observations were made on about one hundred flies. 
Densitograms were made of the farfield radiation pattern 
of single rhabdomeres in thirteen flies, and theoretical 
calculations were made for rhabdomeres in seven flies. The 
results for all flies were consistent. 
Preparation. Unanaesthetised animals were fixed with wax 
in a small plastic holder and mounted on a x-y -z  stage. 
The abdomen and spiracles were left free in order not to 
impair ventilation. A small hole was made in the fly's 
head by cutting away a small piece of chitin at the back 
side. A small lightguide was inserted through this hole. 
Before and after the experiment a thorough check of the 
optics of the eye was made by inspection of the deep 
pseudopupil and the radiation pattern of individual om- 
matidia on both sides of the cornea. Usually no optical 
deterioration was observed. In addition, the narrow 
angular sensitivities measured indicate that there was little 
or no disruption of the optics. 
For long exposures movements of the fly's retina can 
be bothersome. During the exposures the position of the 
farfield radiation pattern could be checked by means of an 
eye-piece with crosshairs, looking via a half-mirror into 
the main beam. Small changes of position (<0.1 ~ could 
be easily observed. Flies with retinas that moved too 
much or did not return to their original position after very 
small movements were discarded. 
Optical setup. The setup is shown in Fig. 1. Light of a 
Xenon arc lamp is filtered by filters LF1, in general an 
UV-filter, a Calflex (Balzers) heat reflecting filter, and a 
broad band K filter (Balzers), having a bandwidth of ap- 
proximately 50 nm. The light is focussed on a small plastic 
lightguide, the other end of which is inserted in the fly's 
head. The light coming from the eye is collected by the 
lens L~ (Leitz, P1 fl 10/0.30). The farfield radiation pattern 
of the eye is projected in its back focal plane H. H is also 
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Fig. 1. Optical setup. Lenses L 1 and L 2 project an enlarged image of the eye of the fly between L 2 and L 3. Diaphragm D~ 
shields off straigh-light, D2 shields off radiation from all ommatidia but one. The farfMd radiation pattern of this 
ommatidium can be observed in H' (or H"). See text for further details 
LI L2 
~ . . . . . . . . . . .  
y 
Fig. 2. The image formation of lenses L 1 and L 2. It is derived in the text that the lateral magnification (I/0) equals f2/f> 
whereas the longitudinal magnification (z/x) equals (f2/fl) 2 
the front focal plane of lens L 2 (doublet, f=  80 ram). The 
properties of the lens system L1 and L 2 will be derived 
first (see Fig. 2). 
By Newton's formula for lenses we know that 
f2=xy,  (7) 
f22= y z. (8) 
So 
x f2.  
Furthermore we know 
(9) 
0 U - (10) 
x A 
i u 
z=fT .  (11) 
I 
So the lateral magnification -- is, with (10), (11) and (9) 
O 
U 
I -j~ zA  f2 f~ f2 - (12) 
o v xfe f ? f2 - f ,  
X- -  
f~ 
The conclusion is, that the lateral magnification of L 1 and 
f2  L 2 equals ~ and the longitudinal magnification z=f~ 
X f l  2"  
So a stretched image of the eye is cast behind L 2. A 
diaphragm D 1 is placed around the image of the deep 
pseudopupil (DPP) in order to minimize straighqight from 
the eye. The diaphragm D2 is put around the image of an 
individual corneal ens. With the lenses used this image is 
about five times larger than the corneal lens itself. 
The reader may worry about the fact that diffraction 
is different from what it would be for a diaphragm directly 
on the cornea. However, angles with the longitudinal xis 
are not preserved in the image of the eye cast by LI and 
A, L 2. In fact, angles are smaller by ~ which precisely 
corrects for the smaller diffraction of a larger diaphragm. 
The lens Lz (Photar, f=50mm) images the farfield 
radiation pattern of the (spatially filtered) image of the eye 
in its back focal plane H'. For observing the cornea, a lens 
L 4 (Photar, f=50 mm), confocal with L3, can be in- 
serted (with L s absent). As L 3 and L 4 project a 1:1 image 
of the image between L 2 and L3, this can be observed 
with the microscope and photographed. Instead of L 4 a 
lens L s (for example Photar, f=25mm) images the far- 
field radiation pattern in H' to H", where it can also be 
observed with the microscope. L s is used to get a suitable 
magnification for the farfield radiation pattern. 
The place of the farfield plane H' was determined by 
using a collimated light beam instead of a fly as an object. 
In the plane H' this collimated beam is imaged as a point. 
As an aid to finding the exact position of the farfield 
J.H. van Hateren: Optical angular sensitivities of fly photoreceptors 765 
R~O 9 R5 
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C R1 9 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Fig. 3. a, b Double exposure of the cornea with diaphragm, e The configuration and omenclature ofthe rhabdomeres within 
one ommatidium, d Farfield radiation pattern of an ommatidium; 2=550nm. e Farfield radiation pattern of an omma- 
tidium of a pigment poor fly; 2=550nm. f The same ommatidium as in d, with 2=500nm. g The same ommatidium 
as in d, with 2 = 450 nln 
radiation pattern with the fly as an object, a point source 
P (actually a small diaphragm before a flattened power 
LED, Siemens LD57C) is imaged by a lens L 6 and a 
partially reflecting mirror M 2 in the farfield plane H'. By 
focussing the microscope on this calibrated point source 
the plane H' (and H") is precisely defined. 
For exciting the pupil of R1-R6 a dichroic mirror M 1 
(Schott, 311) was inserted. Filters FL a and FL  3 then pre- 
vented light reflected from the eye and lens surfaces to 
interfere with the measurements. 
We note that the optical setup is a combination of the 
designs of Franceschini (1975) and Pick (1977). The main 
difference from Pick's design is that the cornea is enlarged 
before the light of all but a single ommatidium is screened 
off. This enlargement makes it much easier to make ap- 
propriate diaphragms and to get them in the right po- 
sition. 
Photography and densitometry. Photographs were made on 
Kodak TRI-X pan, developed to average contrast in HC- 
110 (Kodak, dilution 1:7, 21 ~ 6.5 rain). The usually se- 
lected magnification of the farfield radiation pattern ne- 
cessitated very long exposure times (50 rain) in order to use 
the entire dynamic range of the film. With lower magnifi- 
cation shorter times were possible (-~ 1 min) but resulted in 
more grain noise. 
On each film calibrations were made of angles in the 
far field and distances in the plane of the cornea. Also on 
each film a strip with a known range of densities was 
photographed through a K60 filter (Balzers) with the same 
exposure time as the measurements themselves. The same 
exposure time is necessary because the Schwarzschild ef- 
fect leads to different values of the gamma of the film for 
different exposure times. The effect of the different wave- 
lengths used on the gamma of TRI-X was negligible. 
Photographs were scanned with a microdensitometer 
(Joyce, Loeble & Co, MK3C). Mostly radiation patterns 
of R3 were scanned in the direction parallel to the line 
joining R2 and R4, because the radiation pattern of R3 
was least contaminated by the radiation of neighbouring 
receptors. Occasionally radiation patterns of other rhab- 
domeres of RI -R6 were scanned, yielding similar results 
as those of R3. By exciting the pupil of R1-R6, radiation 
patterns of R7 could be measured as well. Without excit- 
ing this pupil the radiation pattern of R7 is badly con- 
taminated by the radiation patterns of RI-R6. Unless 
otherwise stated the measurements in this paper refer to 
R3. The densitograms were sampled at regular distances, 
and the measured densities were fed into a computer, 
together with the densities of the calibration exposure. The 
computer corrected thereupon for the film characteristic 
curve, and converted logarithmic to linear intensity values. 
Finally theoretical curves were calculated according to a
theoretical model summarized in the Appendix. 
Results  
In  Figs. 3a and b two examples of  the cornea  
with d iaphragms are shown in doub le  ex- 
posures,  for which the negat ive was exposed 
twice, once to the cornea  with and once to the 
cornea  w i thout  d iaphragm.  For  most  experi-  
ments  the d iaphragms were about  the same size 
as the facet lenses or  sl ightly smaller. D ia-  
phragms larger than the lens gave a lmost  
ident ical  results, the on ly  dif ference being the 
fact that  then l ight f rom ne ighbour ing  ommat id ia  
caused some background radiat ion.  
Also shown in Fig. 3 are some farfield ra- 
d iat ion patterns  of  single ommat id ia .  In  Fig. 3d 
the wave length  was 550nm with on ly  the first 
mode (01) present.  In  Fig. 3e, f and  g farfield 
rad ia t ion  patterns  are shown for a fly with a 
low xanthops in  content .  In  Fig. 3e the wave-  
length was 550nm,  with again on ly  mode 01, 
and in Fig. 3g the wave length  was 450nm,  in 
which case the second mode (11) can be seen in 
R1, R3, R5 and R6. In  the in termediate  case of  
500 nm (Fig. 3f) both  modes  are about  equal ly  
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Fig. 4. a Densitogram of the farfield radiation pattern of 
one rhabdomere with only the first mode present (mode 
01). b Densitogram of the farfield radiation pattern of one 
rhabdomere with two modes (01 and 11) present 
strong. In Fig.4 there are examples of densito- 
grams of radiation patterns with mode 01 (4a) 
and a combination of two modes 01 and 11 
(Fig. 4b). 
Figure 5 shows the intensity of the radiation 
pattern of one rhabdomere for several wave- 
lengths, together with theoretically calculated 
curves. Moreover, a diaphragm substantially 
smaller than the diameter of the lens was used 
(Fig. 5d), and the resulting radiation pattern 
was calculated theoretically as well. The diame- 
ter of the diaphragm could not be reduced 
much further, because the broadening of the 
radiation patterns then causes too much over- 
lap between radiation patterns from different 
rhabdomeres. 
The parameters for the calculations were as 
follows. For the diameter of R3 a value 1.8 gm 
was chosen (Horridge et al. 1976). By taking the 
value 0.25 for ~-n  2 , as determined by Beers- 
ma et al. (1982), the V-number was calculated 
for each wavelength. The diameter of the lens 
or diaphragm was photographed and measured. 
The value of the F-number of the lens was 
calculated by measuring the angle c~ between 
the direction of the radiation patterns of R1 
and R3, and assuming a distance d of 3.6 txm 
between them in the focal plane. This value 
resulted from preliminary measurements on liv- 
ing flies where a small slice of facet lenses was 
removed by means of a vibrating razor blade. 
The F-number is then given by 
f d 
F (13) 
D D tan c~ 
where f is the focal distance of the lens, and D 
the diameter of the lens or the diaphragm, which- 
ever was the smaller one. F-numbers between 
too I 
~.= 650 nm 
~- 5O 
z 
00 1 2 0 
ANGLE IDEGREE } 















~. = 600 nrn 
D=21 Gm 
Fig. 5. Intensity of farfield radiation 
patterns of a single rhabdomere R3 
(measured points) and theoretically 
calculated optical angular 
sensitivities (continuous curves) 
with parameters: fiber diameter 
1.8 gm, F-number 2.3, ~-n~ 
= 0.25. The wavelength 2 and the 
diameter D of the diaphragm are 
indicated in the figures 
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Fig. 6. Farfield radiation patterns of 
R3 of a pigment poor fly, and 
theoretical optical angular 
sensitivities. Parameters a in Fig. 5 
2 and 2.5 were found (with D the diameter of 
the lens). It turns out, however, that neither the 
F-number nor the fiber diameter are very criti- 
cal for the theoretical calculations in the mo- 
nomode case. Most important is the lens diam- 
eter. 
As we see in Fig. 5 the agreement between 
measurements and theory is good. This was the 
case for all 45 radiation patterns for which 
theoretical calculations have been made. 
The measurements with 650nm light suf- 
fered from the fact that the screening pigments 
of the fly are relative transparent for that wave- 
length, resulting in a higher background on the 
film (see Fig. 5). At the other side of the spec- 
trum (wavelengths of 500nm and below) it is 
difficult to obtain good quality measurements 
in flies with a normal xanthopsin content. For 
these wavelengths the fly visual pigment ab- 
sorbs strongly, so there is only very little light 
in the farfield radiation pattern. One way to 
circumvent his problem is to use flies reared 
on a vitamin A poor diet, which have con- 
sequently a low content of xanthopsin. For 
shorter wavelengths the emergence of a second 
mode (11) complicates matters, because it is 
difficult to predict on theoretical grounds the 
relative weighting of the modes (see the section 
on Theory). Nevertheless, by treating this 
weighting as a free variable in the theoretical 
calculations, satisfactory fits are obtained. This 
is illustrated in Fig. 6 for the farfield radiation 
pattern of one rhabdomere for five different 
wavelengths and two different diameters of the 
diaphragm. Normally the radiation pattern 
from R I -R6  disturbs the radiation pattern of 
R7 too strongly for reliable measurements. By 
taking advantage of the lower sensitivity of the 
pupil of R7, it is possible to selectively excite 
the pupil of RI-RG. As most of the radiation of 
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ANGLE (DEGREE) Fig. 7 a-e. Farfield radiation 
patterns of R3 and R7, and 
theoretical optical angular 
sensitivities. 
a, b and e are measurements in the 
same ommatidium, 
d and e are measurements in an 
ommatidium of another fly. The 
fiber diameter for R3 is 1.8 gm and 
for R7 1.0 gm. The diameter D of 
the diaphragm is 29 gm in a, b and 
e, and 26 gm in d and e. F-number 
is 2.3 and ~ = 0.25 
R1-R6 is then eliminated, the radiation pattern 
of R7 can be measured properly. In Fig. 7 some 
of these measurements and the theoretically 
predicted curves are shown. 
Discussion 
The theoretical model used in this study differs 
from the real physical situation on several 
points. To begin with, the receptors in the fly's 
eye are not circular but rather somewhat ellipti- 
cal (Boschek 1971). Furthermore there are the 
caps in front of the receptor (Boschek 1971), 
little structures with different refractive index, 
whose function is still not known. The lenses 
are not circular but square, hexagonal or some- 
thing in between (Stavenga 1975), leading to a 
somewhat different diffraction pattern. More- 
over, several uncertainties remain: to what ex- 
tent are the lenses of the fly's eye aberration 
free, and how close are the fiber apertures to 
the focal plane of the lenses? Finally, several 
approximations have been made in the develop- 
ment of the theory, for example the Kirchhoff 
approximation and the weakly guiding fiber ap- 
proximation (see Appendix). 
To assess the influence of all these points 
from a theoretical point of view is not easy. 
What can be assessed, however, is how good 
the model predicts the measurements. As we see 
in Fig. 3 the farfield radiation patterns of single 
rhabdomeres are sometimes lightly elliptical, 
probably a consequence of an elliptical cross- 
section of the fiber. This is not incorporated in 
the theoretical model. Nevertheless, apart from 
this inconsistency, measurements and model 
calculations behave completely similar when 
wavelength, lens diameter or fiber diameter are 
varied. Moreover, theory and experiment are in 
good accordance, also when more than one 
mode is present. Therefore, it is our opinion 
that the model must be close to the real physics 
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determining the optical angular sensitivity of 
lens-photoreceptor systems. 
The optically measured angular sensitivities 
are also similar to angular sensitivities mea- 
sured electrophysiologically (Hardie 1979; 
Smakman et al. 1984), at least for the mo- 
nomode case. One of the surprising outcomes of 
both experiment and theory is that the angular 
sensitivities closely approach the diffraction 
limit of the lens. This is not in accordance with 
the model of Snyder (1979) for calculating ap- 
proximate optical angular sensitivities of lens- 
fiber systems. According to this model the 
width of the function at 50~ sensitivity, the 
half-width Ap, is given by 
(Ap) 2 =(ApoZ +(Ap~) 2 (14) 
where Apl is the half-width of (the intensity of) 
the Airy diffraction pattern 
2 
where 2 is the wavelength of the light, and D 
the lens diameter. The half-width due to the 
finite diameter of the fiber is A & 
2b 
(16) 
where b is the fiber radius, and f the focal 
distance of the lens. In fact, A p~ is the 
geometrical projection of the fiber end in object 
space. 
Applying this model for example to the 
measurements of Fig. 6c (2 = 550 nm), we get 
2 0.55 
AP l=D-  30 =0.0183 rad=1.05 ~, (17a) 
2b 1.8 
Ap~- f - 69 =0.0261 rad= 1.49 ~ (17b) 
A p =[(A pl) 2 + (A p~)211/2 = 1.83 o. (17 c) 
The measurements and theoretical calculations, 
however, yield A p = 1.24 ~ which is close to the 
diffraction limit A Pl. 
Equation (16) gives a simple geometrical 
approximation for Apr. Snyder (1979) has 
presented a correction incorporating waveguide 
effects (see Snyder 1979, pp 300-302, especially 
Eqs. A3 and A5), which leads to 
2b e 1Iv 
Apr i l .12 - - - -  (18) 
f 2.4 
where V is given by Eq. (l). With this correction 
we get 
1.8 e t/zs7 
Apr=I'12 69 2.4 =0"0180rad=l'03~ (19a) 
Ap = [(A pl) z +(Apr)2] 1/2 = 1.47 ~ (19b) 
where Apl is given in Eq.(17a). We see, that 
even with this corrected Apt , Ap is still 
substantially larger than the results of both 
measurements and theoretical calculations as 
presented in this paper. 
The main reason for the discrepancy with 
the model of Snyder is that there the 
convolution of two intensities is taken, while in 
fact the convolution of two amplitudes hould 
be taken, with subsequent squaring. The square 
of the convolution of two functions can be 
quite different from the convolution of the 
squares of two functions. For example, the 
convolution of the amplitudes of two identical 
Airy diffraction patterns yields exactly the same 
Airy pattern, while the convolution of the 
intensities of two Airy patterns yields a curve 
with a half width almost ~/2 times as large. 
Thus if the first mode would have mimicked the 
amplitude of the Airy diffraction pattern of the 
lens, the angular sensitivity of the lens-fiber 
system would have been identical to the Airy 
diffraction pattern. In that case the fiber would 
have had the resolution of an ideal point 
sampler sampling the Airy diffraction pattern, 
but still have an efficiency of 100K, which 
means that all the light falling on-axis on the 
lens is bound in the fiber. 
In reality the first mode only looks like the 
amplitude of the Airy pattern. This is still 
sufficient o reach an on-axis efficiency of about 
80~, and only a slight broadening of the 
angular sensitivity compared with the 
diffraction limit. Interestingly, the notion that 
the maximal acuity of eyes is primarily limited 
by the diffraction of the lens(es) has a long 
history (Mallock 1922; de Vries 1956; Barlow 
1965). As we see, this notion is almost correct 
in the monomode case. The emergence of 
higher order modes, however, leads to angular 
sensitivities much broader than the diffraction 
limit. This is already suggested by Figs. 6d and 
e, and is also demonstrated in the paper of 
Smakman et al. (1984). 
In the present paper it is shown that the 
optical system of the fly is now very well 
understood. Moreover, the presented method 
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for determining angular sensitivities optically is 
an alternative to the conventional electrophysio- 
logical approach. Some advantages of the optical 
method are that it is relatively simple; the risk 
of optical or electrophysiological damage is 
lower; relevant parameters of the ommatidia 
can easily be measured in situ; identification 
of the rhabdomere type is easy; and com- 
bined measurements of A q~ and A p are feasible 
for various parts of the same eye. Some 
disadvantages are that the radiation patterns of 
the rhabdomeres overlap partly, so not all scan- 
directions are possible; the method does not 
work for more than one mode; possible optical 
coupling between rhabdomeres cannot be 
assessed; possible electrophysiological coupling 
between sense cells cannot be measured. 
Actually this last disadvantage can be turned 
into an advantage. By combining electro- 
physiological with optical measurements, the dif- 
ferences between the two measurements can give 
quantitative information on coupling. 
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Appendix 
The theoretical calculations are done on a model that is 
somewhat simpler than is actually the case in the fly's eye, 
This theoretical model (see also van Hateren in preparation; 
Barrell and Pask 1979) consists of a lens with the light-ac- 
cepting aperture of a waveguide in its focal plane. The lens 
is circular and aberration-free, and the diffraction pattern is 
calculated according to Fraunhofer diffraction theory. The 
waveguide is cylindrical and weakly guiding, that is, the 
refractive indices of its interior and exterior are nearly the 
same. The refractive index of the medium between lens 
and waveguide is also nearly the same. Therefore the 
Kirchhoff approximation is used for the excitation of the 
modes, that is, the backscattered field is neglected. Fur- 
thermore only bound modes are taken into account, and it 
is assumed that neighbouring receptors are not optically 
coupled. 
Now the angular sensitivity S(c~) of a mode v/~ is given 
by 
S(c~) = I a~u(r)l 2 (20) 
where r=fc~ is the distance in the focal plane that corre- 
sponds with an angle c~ outside the eye and f is the focal 
distance of the lens. av.(r) is given by 
] /2  22f  D/22f 
a,~u(r)=2 A rc z ~ dppF(p)J~,(2~pr) (21) 
F rc  n o D o 
where /3 is the propagation constant of the mode (see 
below), A a normalization constant (see below), k is the 
I 2~ 
flee space wavenumber of the light [k=~-  with 2 the free 
of the light), n o is the refractive index of space wavelength 
/ 
the medium between lens and waveguide, D is the diame- 
ter of the lens, p is the integration variable (actually being 
a spatial frequency), J, is a Bessel function of the first 
kind, and F(p) is given by 
b 2 b 2 
F(J~ [U2 V~/ob)2 + W2_}_(Z~lb)2] 
9 [2~z p b Yv(g) Jr_ 1(2)z p b) - UJ~_,(U) J,(2g p b)] 
for U+2~pb 
b z 
F(p)=~[J,2(U)-J~_I(U)J~+t(U)] for U=2xpb (22) 
where b is the radius of the waveguide. U and W are 
solutions of the characteristic equation of the fiber 
U'L+I(U)=W ~+l.W ( ~ (23) 
L(cO Kv(W) 
with 
U2_}_ W 2 2 2 V 2 = (n i - n2) = (24) 
where J~ is again a Bessel function of the first kind, Kv a 
modified Hankel function of the first kind, n~ the re- 
fractive index of the waveguide, n2 that of the medium 
surrounding it and V is a parameter that only depends on 
the waveguide constants b, n 1 and n z and the wavelength 2 
of the light. A larger V-number leads to more solutions of 
Eq. (23), that is, to more modes. 
Now the propagation constant fi is given by 
U2 
fl = k 2 -  b- Z- (25) 
and the normalization constant A by 
A= [- 88 n ~b2 Jv-l(U)Jv+l(U) ( 1 +~}JU2\]-1/2 
where e~ = 2 for v = 0 and e~ = 1 for v 4= 0. 
(26) 
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